Spatial information on soils generally results from local observations that are destructive and time consuming especially in the case of heterogeneous soils. Geophysical technics can be a great help for soil mapping since they are non-destructive and fast. Large areas can be surveyed with a high density of measurements. Electrical resistivity is particularly interesting for soil study because it covers a wide range of values (several decades) and depends on many characteristics of the soil.
because it covers a wide range of values (several decades) and depends on many characteristics of the soil.
The main objective of this paper was to study soil spatial variability using an original approach to electrical data processing. Electrical data from a 3-depths survey, usually treated as three apparent resistivity maps, were considered as many electrical soundings each with three apparent resistivity values. The study of the vertical succession of these values led to define nine reference geophysical taxa. This taxonomy relies on a parameter which discriminates soil layers and is defined as the interval (in Ωm beyond which two successive apparent resistivity values on a sounding are considered different. Geophysical taxa mapping highlighted their spatial coherence, which was related to pedological characteristics such as the presence of a clay layer or the depth of the soil profile. The comparison between the spatial distribution of
Introduction
Spatial information on soils is usually based on 1) local observations (using auger soundings or opened pits) to recognize soil types and their characteristics, and 2) relationships between soil types and environmental factors (topography, geology, etc) in order to interpolate or extrapolate local observations. Direct soil observations are difficult to achieve, destructive and timeconsuming. Moreover, this typical approach reaches its limits when soil spatial variability is high or when the spatial distribution of soil does not appear to be related to environmental factors. In such situations, the use of geophysical technics to study soil is very relevant because they are non-destructive and fast, so that large areas can be surveyed rapidly.
In particular, electrical methods are interesting because various relationships between soil properties and electrical resistivity have been established (Corwin and Lesch, 2005; Friedman, 2005; McCutcheon et al., 2006; Samouëlian et al., 2005) : among recent studies, electrical resistivity has been showed to be affected by stone content (Tetegan et al., 2012) , by soil texture and especially by clay content (Auerswald et al., 2001 ) so that electrical resistivity measurements could be used to map the pedogenetic evolution of Luvic Cambisols (Nicole et al., 2003) . Soil electrical resistivity is also related to soil structure and soil compaction resulting from traffic (Besson et al., 2004; Séger et al., 2009; Seladji et al., 2010) or tillage (Basso et al., 2010) allowing for the characterization of clods (Souffaché et al., 2010) or cracks in soils (Samouelian et al., , 2003 Tabbagh et al., 2007) . Since water content has an impact on soil resistivity, electrical methods can be helpful to map soil water content (Besson et al., 2010; Cousin et al., 2009) , to study evapotranspiration effect in relation to row crops (Panissod et al., 2001; Tabbagh et al., 2002) and for time-space monitoring of soil water status (Batlle-Aguilar et al., 2009; Brunet et al., 2010; Garre et al., 2012; Michot et al., 2003) . The fact that soil electrical resistivity is related to several soil properties makes it an interesting proxy for soil mapping.
Fast mobile devices for measuring soil electrical resistivity from the soil surface (Hesse et al., 1986; Panissod et al., 1998 Panissod et al., , 1997a Panissod et al., , 1997b ) allow a high spatial density of measurements to be taken with various depths of investigation (DOI). These devices proved very effective in giving geometrical soil information such as depth to the substratum (Chaplot et al., 2001; Moeys et al., 2006) or horizon thickness (Chaplot et al., 2010) . If the electrical method can be a good tool to help soil mapping (Dabas et al., 1989; Tabbagh et al., 2000) , the interpretation of soil electrical resistivity data in terms of pedological profiles or pedological volumes remains difficult. Data from three-depths electrical resistivity surveys as used in this study give three parameters to describe the soil profile, which may be sufficient if the soil profile corresponds to a geoelectrical model with two layers (two parameters for the resistivities of the two layers and one for the thickness of the first one) (Robain et al., 2001) . Theoretically, more complex soils require more measurements.
Although using data from three-depths electrical resistivity surveys, this study tries to bypass this problem. The electrical resistivity data, usually treated as three separate apparent resistivity maps, are considered here as a multitude of electrical soundings, each with three apparent resistivity values. Based on the evolution of resistivity with depth of each sounding, i.e. the vertical succession of the three apparent resistivity values, a geophysical taxonomy was established. The aim of this paper is to evaluate the potential of three-depths electrical resistivity surveys for soil mapping by comparing the spatial distributions of geophysical taxa to an existing soil map and by trying to retrieve soil unit boundaries through the delineation of geophysical taxa clusters. To this aim, relationships between typological soil profiles and apparent resistivity profiles were set up so that specific electrical signatures could be found out for each soil map unit (MU).
Materials and methods

Site description
The studied site is a cultivated field of 22.5 ha, located in the Beauce region (Parisian Basin in France) characterized by a thick layer of Beauce limestone (from 10 to 100 m in thickness), which may include locally some alluvium deposits, overlaid by wind-blown loess. A soil map of the field has been established by Moeys et al. (2006) (figure 1). It revealed the large spatial variability of the soil, which is mainly related to the depth to the limestone bedrock, the presence of a clay layer in between the silt loam loess-derived deposit and the limestone, and the content in coarse elements. Two 3 ha areas, identified as West and East areas in the figure 1, were focused on because of their large contrast in soil type. The West area presents a NW-SE lateral variability with deep Luvic Cambisols (MUs 13 and 14) whose calcareous substratum appears at more than 95 cm depth at the NW, and, at the SE of the area, shallow Calcaric 
Multi-depths electrical resistivity survey
Device
Electrical resistivity measurements were obtained using an automatic resistivity profiling device (ARP ® , Geocarta, Paris, France), which is a mobile multi-electrode system pulled by an off-road vehicule. It is a V-shaped array (Panissod et al., 1997a) simultaneously are assumed to be at the center of the array (crosses in figure 2a ). The three electrode arrays, of different geometry and dimension, allow to investigate from the surface three volumes of soil of increasing size down to the three theoretical depths of investigation (DOI), estimated to 0.5, 1 and 1.7 m. These DOI are materialized by crosses in figure 2b and the big crosses illustrate the lateral relationship between the three simultaneous measurements acquired by the three arrays.
Acquisition
Profiles (passages of the device) were 1 m-spaced and were made along the longitudinal direction of the field (figure 1). The 1 m spacing was chosen so as to detect metric contrasts in the soil as currently found in the Parisian Basin (Dabas et al., 1995) . All data were converted to apparent resistivity using the relation 
Data preprocessing
As the three apparent resistivity values measured by the three arrays are not centered at the same point (figure 2b), data were interpolated by a cubic function to obtain the values at the same coordinates X and Y i.e. on the same vertical profile. These three values can be interpreted as a usual electrical sounding. The size of the interpolation grid was 1x1 m. A median filter has been used (size 5x5 m) to limit the effect due to the disking of rapeseed stubble done before the resistivity measurements.
Geophysical taxonomy
A taxonomy of reference electrical soundings, based on the evolution of the three values of apparent resistivity with depth, was proposed. It uses a parameter, , which is the apparent resistivity interval in Ωm beyond which two successive apparent resistivity values are considered different, proving the presence of different soil layers in the profile. The parameter can be viewed as a mean to differentiate more or less the soil layers from the point of view of their electrical resistivity. According to the succession of the 3 apparent resistivity values with depth, 9 types of vertical profiles can be assumed (figure 3). Taxon names in figure 3 include two letters to describe the evolution of the resistivity with depth. The first letter describes the evolution of resistivity from ρa1 (measured by array 1, figure 2) to ρa2 (measured by array 2), and the second from ρa to ρa3 (measured by array 3). The letters "I", "D" or "C" are used for an "increasing", "decreasing" or "constant" resisitivity variation with depth, respectively.
The soil is thus interpreted as: The discrimination of the soil layers will be maximal for = Ωm and no soil layers will be distinguished for large values of .
Similarity between experimental and reference geophysical taxa
To avoid any a priori choice of a particular value, a range of values for the parameter was considered and a matrix form was used to estimate the similarity between experimental geophysical taxa and reference geophysical taxa.
Experimental taxon matrix E
A matrix E of dimension (3, 3) was assigned to each experimental sounding. This matrix is the product of two vectors expressing the sign of the difference between two adjacent values of apparent resistivity (> 0, < 0 or = 0 for an increasing, decreasing evolution or no evolution, respectively) (figure 4). The numerical values of the matrix elements change when the parameter increases as described hereafter. At the start of the process, for = min, the matrix is null. For each new value of tested, from min to max, the sounding is interpreted as one of the nine geophysical taxa defined above (figure 3) and the element of E corresponding to the taxon (figure 4) is incremented by the step value Δ = i+1 -i. The matrix is filled until reaches its final value max. Thus the matrix E keeps the history of the sounding evolution while the parameter scans the range of resistivity values tested from min to max. The larger element of the E matrix gives the more likely taxon in terms of geophysical interpretation.
Reference taxon matrix R
A matrix R of dimension (3, 3) was assigned to each of the nine reference geophysical taxa defined in section 2.3. These nine R matrices are null matrices with only one element equal to 1.
The nonzero element is positioned in R at the place corresponding to the reference profile to express the C-C-type profile corresponding to a homogeneous soil.
Distance between matrices E and R
Using these matrix forms, the distance d between matrices E and R could be calculated. This distance reflects the degree of similarity between each experimental sounding and each reference taxon. The distance d is given by the norm of the difference between E and R and corresponds to the quadratic sum of the elements of the matrix E-R. It is expressed as:
The lower d is, the more similar E and R are. were then able to draw nine distance maps, also called similarity maps.
Expected geophysical taxon according soil MU
Each unit of the soil map was characterized by a typical soil profile, except for the complex MU 4, which is composed of a mix of two types of soil: shallow Hypereutric Cambisols and Luvic Cambisols. Each soil profile could be assigned an expected geophysical taxon based on the vertical succession of the different horizons composing the soil profile and the expected electrical resistivity contrasts between them. For instance, a shallow Hypereutric Cambisol has a silt loam cultivated topsoil overlaying a shallow (less than 20 cm-thick) non carbonated structural horizon, above the limestone substrate. The cultivated topsoil can be expected to have a higher electrical resistivity than the underlaying undisturbed structural horizon because tillage tends to disrupt the continuity of the soil solid phase and creates interclods voids, which should increase soil resistivity . On the other hand, the untilled structural horizon should have a lower resistivity than the underlaying limestone because of its larger content in clay minerals. As a result, a shallow Hypereutric Cambisol should correspond to the D-I geophysical taxon or, if the topsoil and the underlaying structural horizon do not have sufficiently contrasted resistivities, to the C-I geophysical taxon. The same type of reasoning can be applied to each typological soil unit to get the most likely geophysical taxon or taxa for each soil map unit (table 1) .
Statistical evaluation: Multinomial Logistic Regression
Multinomial logistic regression (MLR) was used to evaluate the ability of geophysical taxa mapping to predict the available soil map. Multinomial logistic regression is the extension for the binary logistic regression when the categorical dependent outcome (here, the soil MU) has more than two levels.
The goal of multinomial logistic regression is to estimate the probability of each class (each soil MU) using a same set of influencing variables (the geophysical taxa). The model is similar to the binomial logistic regression in the sense that the logarithm of the odds ratio is assumed to be a linear function of the influencing variables. However, one of the classes is taken as the baseline and odd ratios are developed for all other classes with respect to this baseline. For a thorough presentation, the reader can refer to Hosmer and Lemeshow (2000) or Agresti (2002) .
Nonetheless, a brief presentation is given below concerning the binomial logistic model and its generalization to the multinomial case.
In the binomial logistic regression, the probability (p1) that an object belongs to a group 1 (e.g., a particular soil MU), and the probability (p2) that it belongs to a group 2 (another soil MU), according to a set of predictor variables (presence or absence of each geophysical taxon), are
given by the logit link function:
where x is a vector of predictor variables, and is a vector of model coefficients that are usually estimated by maximum likelihood.
The expression (2) can be rewritten as:
The left term in (3) is called the odds ratio. From expression (3) follows that:
The binomial logistic regression model can be generalized to the multinomial case where the number of logistic functions is one less than the number of groups. For example if there are three groups, one of the groups is taken to be a reference group (say group 0), so that the first logistic function can be used to predict the probability that an object will belong to group 1 rather than group 0, and the second logistic function can be used to predict the probability that an object will belong to group 2 rather than group 0.
Results
Electrical survey
The apparent resistivity data are presented in the form of three maps corresponding to the different measuring dipoles (figure 5). These maps represent the contribution of the cumulative soil volume, from the surface down to the three depths of investigation, 0.5, 1 and 1.7 m for arrays 1, 2 and 3, respectively. Maps resulting from the first array measurements are affected by the effect of rapeseed stubble disking which appears as lines oriented in the direction of agricultural machinery traffic (McCutcheon et al., 2006) . Apart from that, no contrast were clearly identifiable despite apparent resistivity values that extend from 50 to 90 Ωm. Maps from array 2 measurements both show located conductive areas: the west part of area West and the SE corner of area East. These conductive areas are exacerbated on maps resulting from array 3 measurements and present resistivity values from 30 to 50 Ωm on area West and from 7 to 30 Ωm on area East. By comparing this figure with the soil map in figure 1 , it can be seen that the conductive zones correspond to deep Luvic Cambisols (MUs 13, 14 and 2). Figure 6 shows the spatial distribution of geophysical taxa in each area for different values of in the range 2 to 7 Ωm, together with map excerpts from figure 1 corresponding to each area.
Geophysical taxa mapping for various α
The matrix distances described in section 2.4 were calculated using the same range of resistivity values. The initial value of was chosen not too small in order to avoid systematic 3-layers interpretations which would be not consistent with soil description. In the same manner, the maximum value was chosen not too large so that soundings would not be systematically interpreted as homogeneous soils, which would not be consistent with soil description either. So, the E matrix assigned to each electrical sounding summarized the evolution of the sounding interpretation within the range 2-7 Ωm. The similarity between experimental soundings and each reference taxon is mapped in figure 7 .
West area
The predominant taxa in the West area for = Ωm were D-D-type (which covered 31% of the surface), I-I-type (16%), C-I-type (9%) soundings and that corresponding to a homogeneous soil (C-C-type, 26%) (figure 6a), which correspond also to the maximum similarities (smaller distances) calculated in figure 7a . Each of the other taxa covered no more than 5% of the area.
Obviously, the map may be split into two parts. There is a strong spatial coherence of D-D-type soundings, which gather on the NW of the map (figure 7a). I-I-type and C-I-type soundings are completely absent from this half of the surveyed area, but cover a large part of the SE.
Furthermore, a significant amount of soundings corresponding to a homogeneous soil are present on the surveyed area even for low values of -4 Ωm, figure 6a ). They are concentrated in the SE of the map and in a strip along the axis NNE-SSW (figure 7a) that appears as a transition between the two clusters mentioned above.
East area
Six geophysical taxa were present in the East area (figures 6b and 7b). For = Ω.m, )-I-type (6%) and C-I-type (19%) soundings were mostly found in the N of the map, while D-D-type (11%) and D-C-type (16%) soundings covered the center and the S of the map (figure 6b).
Among the nine taxa defined, the D-I and C-C-type were the most abundant in this area (26% and % for = Ωm, respectively) and covered all the area to the exception of the SE corner.
Other sounding types (namely I-D, I-C, and C-D) were almost inexistent in the area (figure 7b).
The distributions of these three couples of taxa (I-I and C-I types, D-D and D-C types, and D-I and
C-C types), which were found spatially associated in the East area, remain almost unchanged according to the value of the parameter figure 6b) but there is a change of type of resistivity profile within each couple when increases. When increases, D-I-type, I-I-type and D-D-type soundings tend to be converted to C-C-type (homogeneous soil), C-I-type and D-C-type, respectively. As expected, the increase of changes the interpretation of the geophysical data:
low values of lead to a -layers soil interpretation, while large values of lead to soils with one or two layers.
Concordance between geophysical taxa maps and soil map
West area
The D-D-type geophysical taxa cluster found at the NW of the area corresponds to the deep Luvic in the two MUs for small values of up to -4.5 Ωm but they have no specific spatial coherence as can be seen in figure 6b . C-I-type soundings are the most abundant (up to 40-50%) for 4.5 Ωm < < 9.5 Ωm in MU 3 and for 4 Ωm < < 12 Ωm in MU 4 (figure 8) and are more clearly delimited ( figure 7 ). This evolution of the taxa distribution according to  suggests a resistivity contrast in both MU 3 and 4 ordered as ρa1 > ρa2 << ρa3.
Map unit 1: Luvic Cambisols on cryoturbed limestone at 75 cm
The expected D-I-type soundings predominance in MU 1 is obtained for 0 Ωm < < 5.5 Ωm (figure 8). However resistivity profiles turn rapidly into those corresponding to a homogenous soil.
Map unit 15: Colluvic Cambisols on cryoturbed limestone
I-I-type soundings are predominant in MU for low values of parameter . Other taxa are also present, but C-C-type soundings were expected for this MU. For Colluvic Cambisols to be viewed as uniform soils, the most appropriate values are beyond 5 Ωm.
The two last column of it remains difficult to assign a particular value to the parameter such that there is, for all MUs, a systematic concordance between the reference taxa expected according to soil description and the experimental resistivity profiles obtained by electrical prospecting. Ultimately, no optimal value for could be found.
Multinomial logistic regression
The ability of geophysical taxa mapping to match the available soil map (figure 1) was evaluated using MLR.
West area
Very good predictions were obtained for MUs 13, 14 and 5, for which percentages of correct classification were higher than 75 % (table 2) . The lower performance of MU 14 assignments is probably due to the lower purity of this MU compared to MU 13 as stated above. Around 23 % of the geophysical taxa within MU 14 were assigned to MU 5 while only 3 % of the geophysical taxa located in MU 13 were assigned to MU 5. MU 15 could not be retrieved through MLR prediction.
However, a band of C-C-type geophysical taxa could be clearly delineated and interpreted as Colluvic Cambisol (figure 6a) just like the soil corresponding to MU 15. The inability of the method to retrieve this MU 15 is probably due to the fact that MU 15 and the band of C-C-type taxa delineated in figure a for = Ωm do not match exactly in terms of geographical location and shape.
East area
Very good predictions were also obtained for MUs 1 and 2, but not for MUs 3 and 4 (table 2).
MU 3 could not be retrieved through MLR prediction, and MU 4 was correctly classified for only 13% of its extent. Here again, the fact that the delineations of the geophysical taxa in figure 6b (for = Ωm) do not match those of the MUs is probably the reason for the poor prediction found for MUs 3 and 4. When considering the soil map, MUs 3 and 4 appear as patches within MU 1. If these patches are not precisely located and delineated, it could explain their poor prediction while MU 1 is well predicted.
Discussion
Advantages of the method
The original method presented here is based on a simple interpretation of the geophysical data acquired at very high spatial density by an automatic resistivity profiling tool. It makes use of all the generated data to produce locally-interpreted soundings in term of soil profile organisation.
This information could be used to improve the delimitations between soil map units, and to quantify objectively the purity of soil map units.
Map unit purity
Geophysical taxa mapping may be a good tool to indicate the purity of MUs. For example, D-Dtype soundings corresponding to deep Luvic Cambisols cover 94% of MU 13 for =4 Ωm (figure 6a), but only 63% for MU 14 and 69% for MU 2 (figure 6b) for the same  value. In contrast, MU 1 was mainly characterized by D-I-type soundings, which correspond to Luvic Cambisols, but they represented only 30% of the MU (for =4 Ωm), while the remaining of the MU was mostly composed of C-I-type (15%), D-C-type (19%) and C-C-type (25%) soundings.
This shows that MU 1 was not very pure probably because the depth to the bedrock in area East was highly variable.
Taxa clusters delineations
Boundaries between soil units in a soil map result from the interpolation of local pedological observations. Geophysical taxa clusters delineation results from numerous electrical resistivity measurements (figure 6). They are less smooth than soil map boundaries but probably more realistic. The drawing of soil unit delimitations can be significantly improved by means of high density electrical measurements.
Limits of the method
Taxa or distance mapping could not reveal the difference between Hypereutric Cambisols (MU 4) and Luvic Cambisols (MUs 3 and 4) whose bedrock appears at less than 60 cm depth.
One hypothesis to explain this result is that taxon I-I would be attributable to very shallow soils Luvic Cambisols developed on heavy clay and the latter on loam. This nondiscrimination may be due to a lack of resistivity contrast between the deep soil layers identified as heavy clay and loam, but also to the large depth of both soils whose bedrock appears beyond 95 cm. The electrode arrays that we used were perhaps not large enough to differentiate between deep clay and loam layers.
In general, the nondiscrimination of different layers may be due not only to the low resistivity contrast between them but also to their geometrical characteristics. The impact of layers in the soil profile on electrical measurement is governed by the suppression principle that states that a thin layer sandwiched between two thicker others (about 5 times thicker) has little or no effect on electrical sounding. Thus, the BT layer of a Luvic Cambisols, even though strongly differentiated, may not affect electrical measurement if it is not thick enough.
Conclusion
This work proposes an original approach to process apparent electrical resistivity from multidepth surveys. The method, based on a geophysical taxonomy and using a parameter to discriminate between layers, led to define nine taxa i.e. nine typical vertical resistivity profiles.
Taxa mapping highlighted their spatial coherence, which was clearly related to pedological characteristics as for example the presence of a clay layer or the depth of the soil profile. By comparing soil and geophysical taxa maps, it was found that spatial delimitations of the geophysical taxa clusters matched the soil map boundaries quite well but less smoothly. Finally, each soil type could be assigned a specific geophysical taxon which was consistent with soil description.
This study opens a new way toward automatic soil mapping. The automatic resistivity profiling device and the data processing method proposed here can be useful tools to study the spatial variability of soil, especially when this variability is high and not related to extrinsic factors.
Other experiments must be carried out in other pedological contexts or at other times in the year for studying the effect of the water content on the performance of the method. 
